Running Title: Caenorhabditis elegans PDF receptor signaling Here, we report the identification, cloning and functional characterization of three Caenorhabditis elegans G protein-coupled Pigment Dispersing Factor (PDF) receptors, which we designated as Ce_PDFR-1a, b and c. They represent three splice isoforms of the same gene (C13B9.4) which share a high degree of similarity with the Drosophila PDF receptor and are distantly related to the mammalian vasoactive intestinal peptide receptors (VPAC2) and calcitonin receptors. In a reverse pharmacological screen, three bioactive C. elegans neuropeptides, which were recently identified as the Drosophila PDF orthologues, were able to activate these receptors in a dosedependent manner with nanomolar potency (isoforms a and b). Integrated GFP reporter constructs reveal the expression of these PDF receptors in all body wall muscle cells and many head and tail neurons involved in the integration of environmental stimuli and the control of locomotion. Using a custom data analysis system, we demonstrate the involvement of this newly discovered neuropeptide signaling system in the regulation of locomotor behavior. Overexpression of PDF-2 phenocopies the locomotor defects of a PDF-1 null mutant, suggesting that they elicit opposite effects on locomotion through the identified PDF receptors. Our findings strengthen the hypothesis that the PDF signaling system, that imposes the circadian clock rhythm on behavior in Drosophila, has been functionally conserved throughout the protostomian evolutionary lineage.
Here, we report the identification, cloning and functional characterization of three Caenorhabditis elegans G protein-coupled Pigment Dispersing Factor (PDF) receptors, which we designated as Ce_PDFR-1a, b and c. They represent three splice isoforms of the same gene (C13B9.4) which share a high degree of similarity with the Drosophila PDF receptor and are distantly related to the mammalian vasoactive intestinal peptide receptors (VPAC2) and calcitonin receptors. In a reverse pharmacological screen, three bioactive C. elegans neuropeptides, which were recently identified as the Drosophila PDF orthologues, were able to activate these receptors in a dosedependent manner with nanomolar potency (isoforms a and b). Integrated GFP reporter constructs reveal the expression of these PDF receptors in all body wall muscle cells and many head and tail neurons involved in the integration of environmental stimuli and the control of locomotion. Using a custom data analysis system, we demonstrate the involvement of this newly discovered neuropeptide signaling system in the regulation of locomotor behavior. Overexpression of PDF-2 phenocopies the locomotor defects of a PDF-1 null mutant, suggesting that they elicit opposite effects on locomotion through the identified PDF receptors. Our findings strengthen the hypothesis that the PDF signaling system, that imposes the circadian clock rhythm on behavior in Drosophila, has been functionally conserved throughout the protostomian evolutionary lineage.
The neuropeptide Pigment dispersing factor (PDF) was initially discovered in crustaceans (as pigment-dispersing hormone (PDH)), where it drives a daily rhythm of color changes (1) . Thereafter, highly conserved PDF peptides were identified in many species of insects and recently also in nematodes (2) . 1 PDF is a crucial component of the insect circadian clock and has been characterized as a putative output factor, controlling daily rhythms in locomotor activity (3, 4) . In 2005, three independent studies identified CG13758, a class B peptide G protein-coupled receptor (GPCR), as the receptor for PDF in D. melanogaster (PDFR) (5) (6) (7) . It is related to the mammalian VIP receptor (VPAC2) and to the calcitonin receptor, both of which are expressed in the mammalian master clock. Fly PDFR mutants and flies lacking PDF both exhibit severe deficits in free-running locomotor rhythms. (4) (5) (6) . Recently, 3 endogenous PDF like neuropeptides were discovered in the free-living nematode model organism Caenorhabditis elegans. 1 They are expressed mainly in neurons involved in chemosensation, mechanosensation, oxygen sensing and locomotion. Circadian analysis revealed that at least two of these peptides (e.g. PDF-1a and b) are involved in the control of daily locomotor rhythms in C. elegans. 1 Mutants lacking PDF-1 mimic the behavioral phenotype of Drosophila PDF mutants with respect to freerunning locomotor rhythms. This led us to the hypothesis that the PDF signaling system, that imposes the clock rhythm on behavior, may be functionally conserved during evolution, at least in invertebrates.
To fortify this hypothesis, we set out to find and characterize the cognate receptors of the C. elegans PDF neuropeptides. In this study we report the identification of 3 orphan G proteincoupled PDF receptor isoforms and unveil the PDF peptides as their endogenous matching ligands by means of a reverse pharmacological approach. The PDF receptors are distantly related to the mammalian VPAC2 and calcitonin receptors and show expression in body wall muscles and neuronal cells which play a role in the integration of environmental stimuli and the control of locomotion. Our functional analysis of the PDF signaling system reveals that overexpression of PDF-2 phenocopies the locomotor defects of the PDF-1 null mutant, suggesting that they elicit opposite effects on locomotion through these PDF receptors. (C13B9.4a) and Ce_pdfr-1b (C13B9.4b) were amplified from EST clones yk1101h12 and yk1404c05, respectively. Because the 5' end of splice isoforms a, b and c and the 3' end of isoforms a and b, are identical, the following primers were used: forward primer a, b, c 5'-CACCATGGCGGATGCCACGTCACC-3'; reverse primer a, b 5'-TTATGGAGATTTTGTG AGCGATTGG-3'; reverse primer c 5'-AATTTA TTCTTTGTTTTCTACTCTTCATAC-3'.A partial Kozak sequence (CACC) was also incorporated immediately preceding the authentic initiation codon, to optimize initiation of translation. The resulting PCR product of each receptor isoform was cloned directly into the eukaryotic expression vector pcDNA3.1D (pcDNA3.1 Directional TOPO Expression Kit, Invitrogen) and sequenced. Each isoform was confirmed to be identical to the Wormbase predicted cDNA sequence.
Experimental Procedures
Cell culture and transfections-Chinese hamster ovary cells (CHO-K1), stably overexpressing the mitochondrially targeted apoaequorin (mtAEQ) and the human G α16 subunit were used for the Ca 2+ measurements and cultured in Ham's F12 medium (Biowhittaker/Cambrex) containing 10% fetal bovine serum (FBS), 100 UI/ml of penicillin/streptomycin, 250 µg/ml Zeocin and 2.5 µg/ml fungizone (Amphoterin B). Human embryonic kidney cells (HEK293), used in the CRE-luciferase reporter assay, were maintained in DMEM medium (with L-Glutamine, 4,500 mg/L D-Glucose, 110 mg/L Sodium Pyruvate) supplemented with 10% FBS and 100 UI/ml of a penicillin/streptomycin solution. Both cell lines were split every 3 days (1:10 and 1:5, respectively) and grown at 37°C in a humidified atmosphere of 5% CO 2 in air. CHO/mtAEQ/G α16 and HEK293 cells were transiently transfected with the receptor cDNA constructs using the FuGene 6 reagent (Roche), according to the manufacturer's instructions. HEK293 cells were also co-transfected with a multimerized cyclic AMP response element (CRE) luciferase reporter construct (pCRE (6X) -Luc) in a 1 (luciferase reporter): 5 (pdfr) ratio.
Bioluminescence assay-Intracellular calcium was monitored as previously described (7) . Briefly, CHO/mtAEQ/G α16 cells expressing the receptor were collected 2 days post-transfection in BSA medium (DMEM/HAM's F12 with 15 mM Hepes, without phenol red, supplemented with 0.1% BSA) and loaded with 5 µM coelenterazine h (Invitrogen) for 4 h to reconstitute the holoenzyme aequorin. After a tenfold dilution, cells (25,000/well) were exposed to potential peptide ligands, i.e. HPLC fractions (1/20) Peptide extraction and HPLC fractionationPeptide extraction from four 650 ml liquid cultures (Fernbach flasks) of mixed stage wild-type N2 worms was performed as previously described (8) . The resulting aqueous phase was desalted by solid phase extraction (MegabondElute, Varian). The peptides eluted by 0 -60% CH3CN in 0.1% trifluoracetic acid (TFA) were further fractionated by reversed-phase HPLC on a Delta-pack C 18 (2x(25X100mm)) column (Waters) with a solvent flow-rate of 12 ml per minute. After injection, a wash step of ten minutes using 0.1% aqueous TFA was initiated, followed by a linear gradient over 80 minutes to a final concentration of 60% CH 3 CN in 0.1% aqueous TFA. 12 ml fractions were collected automatically every minute starting from the beginning of the gradient.
Transgenes-A stable transgenic line containing an integrated promoter::gfp construct of C13B9.4 (BC11358) was kindly provided by Mr. David Baillie. GFP expression was visualized using the LSM510 multiphoton confocal microscope (Zeiss) and cells were identified by using a combination of their position and morphology (Nomarski DIC imaging, Axio Imager Z1, Zeiss). Overexpression of the Ce_PDF genes was accomplished by introducing extra copies of the respective wild-type genes as transgenes. The genomic DNA, including the predicted promoter, the open reading frame, and the 3' UTR sequence for each gene was amplified by PCR, purified and microinjected (100 ng/µl) in wild-type C. elegans together with 30 ng/µl elt-2::gfp as a selection marker. In the rescue experiment, pdf-1(tm1996) mutants were injected with 50 ng/µl or 5 ng/µl of the overexpression construct for pdf-1 and 30 ng/µl of elt-2::gfp. Transgenic (GFP[+]) animals from three independent lines were selected and assayed for rescue of the pdf-1(tm1996) mutant phenotype. Rescue phenotypes were compared with those of nontransgenic (GFP[−]) siblings of wild-type N2.
All PCR primers used are listed in Supplementary  Table 3 .
Locomotion assay-L4 staged hermaphrodites were picked 16 h prior to behavioral analysis. Worms were tracked around midday for 2 min at 22°C on NGM plates containing a thin lawn of freshly grown (8h) OP50 bacteria. The monitoring system consists of a Leica MZ-16F stereomicroscope equipped with a digital camera (DFC320, Leica Microsystems GmbH, Germany), that was controlled by image and video handling software (Leica Application Suite). The data were compressed and integrated into MPEG format for feature extraction. Time lapse image processing was performed using eaZYX-IMAGING software (MAIA SCIENTIFIC, Geel, Belgium). Worms were segmented from background using linear scale space detection of elongated structures (9, 10) . To quantify the centroid velocity and the frequency of reversals and directional changes, segmented objects were first skeletonized and then the center of gravity coordinates was calculated for each worm in each frame of the sequence. To allow for fast visual inspection of nematode behavior in a video sequence, all the binary image analysis results (worm skeletons) from each sequence were overlaid in a single image using the data reduction tools in the eaZYX-IMAGING software. All strains tested were cultivated and analyzed the same way and a similar numbers of tracking assays (n ≥ 12) was carried out. The statistical significance of behavioral assays was determined using the two-tailed student t-test.
RESULTS

Identification and cloning of the C. elegans
PDF receptors-A BLAST analysis using the amino acid sequence of the recently characterized D. melanogaster PDF receptor (5-6,11) (CG13758) as a query revealed 3 potential orthologues in the C. elegans genome (CE30860, CE37087 and CE37088) with 36/54, 35/53 and 36/54 % sequence identity and % similarity, respectively. These 3 G protein-coupled receptors, hereafter named PDFR-1a, b and c, represent differentially spliced isoforms of the same gene, C13B9.4 (a, b and c) (Fig. 1b and Supplemental  Fig. 2 ). Sequence specific primers were used to amplify the ORF of pdfr-1c by RT-PCR. The ORFs of pdfr-1a (C13B9.4a) and pdfr-1b (C13B9.4b) were amplified from C. elegans EST clones yk1101h12 and yk1404c05, respectively. The resulting PCR products ((a)1,641 bp, (b)1,611 bp, (c)1,626 bp) were cloned directly into the eukaryotic expression vector pcDNA3.1D and sequenced. Each splice isoform was confirmed to be identical to the predicted cDNA sequence (www.wormbase.org) (EF141316, EF141317 and EF141318). The deduced proteins of pdfr-1a, b and c, composed of 546, 536 and 541 amino acids, respectively, all contain seven putative transmembrane domains (www.ch.embnet.org/ software/TMPRED_form.html).
The aminoterminal extracellular region contains six conserved cysteine residues, two tryptophan residues and one aspartate, while one cysteine residue appears to be conserved in extracellular loops E1 and E2 (Fig. 1b) . This is typical for the class B (secretin) G protein-coupled receptors (GPCR) (12) . Interestingly, the extracellular N-terminal domain of PDFR-1b differs from that of isoforms a and c due to alternative splicing of the pdfr-1 gene. PDFR-1c, on the other hand, contains a carboxyterminus that is different from that of the other isoforms (Fig. 1b and Supplemental Fig. 2) .
A phylogenetic analysis of the C. elegans PDF receptors was performed with various related GPCRs (Fig. 1) , selected based on BLASTP and tBLASTn analysis. C. elegans NPR-1 (AAA9341 9) and the Canis familiaris bradykinin receptor B1 (AAN16466) were used as an outgroup. The phylogenetic tree shows a clear clustering of nematode PDF receptor-like receptors, insect PDF receptor-like receptors and vertebrate calcitonin receptors. The C. elegans PDF receptors are almost identical to the putative GPCRs of the nematodes Caenorhabditis briggsae (78%; CBG1 6586), Caenorhabditis ramenei (92%; Car_Cr01.s ctg4.wum.45.1) and Brugia malayi (63%; 14136. m00015) (Fig. 1) , indicating that the receptor is highly conserved in nematodes. In addition, PDFR-1a, b and c are very closely related to the PDF receptor of Drosophila melanogaster (CG13758) and the orphan insect receptors ENSAPMT00000007039 (Apis melifera), Q29FR1 (Drosophila pseudoobscurae) and Q7PQE3 (Anopheles gambiae). They are also related, but to a lesser extent than the insect orthologues, to the vertebrate calcitonin GPCRs O08893 (Cavia porcellus), Q8AXU4 (Oncorhynchus gorbuscha), P30988 (Homo sapiens) and Q68EK2 (Danio rerio, putative orphan receptor). The vertebrate VIP2 receptors CAA64474 (Homo sapiens) and NP_033537 (Mus musculus) seem to share less similarity with the nematode PDF receptors.
Identification of the C. elegans PDF receptor ligands-Following successful cloning and the construction of CHO cell lines (stably overexpressing G α16 and apo-aequorin) transiently expressing PDFR-1a, b or c, the cells were challenged with a library of 156 synthetic C. elegans peptides, consisting of neuropeptides belonging to the established FMRFamide-like peptide (FLP) and neuropeptide-like protein (NLP) families of peptides (Supplementary Table  1 ). Only synthetic analogues of the recently identified C. elegans PDF neuropeptides PDF-1a (SNAELINGLIGMDLGKLSAVamide), PDF-1b (SNAELINGLLSMNLNKLSGAamide) and PDF-2 (NLP-37, NNAEVVNHILKNFGALDRLGDV amide) 1 were able to activate both receptors PDFR-1a and PDFR-1b in the calcium biolumenescence assay (Supplemental Fig. 1a, b) . This activity was not seen in cells transfected with the empty pcDNA3.1D vector. The pdfr-1 receptor gene (C13B9.4) and the neuropeptide precursor gene pdf-1, which encodes two of its activating ligands, both reside on chromosome III, only 245.9 kb (42 genes) from each other. The linking peptides encoded by pdf-1 were not active. Challenging the cells with 10 µM of a synthetic D. melanogaster PDF peptide (CG6496-PA) ( Table  1) receptor. To verify whether the Ce_PDFs indeed constitute the endogenous cognate ligands for these receptors, we also challenged the cells with HPLC fractions of a whole body peptide extract of mixed stage C. elegans and checked whether any other endogenous peptides were able to activate these receptors. Only fractions 53 and 55, which contain the 3 endogenous PDF peptides (as previously described in 1 ), were able to elicit a calcium response, but only in cells expressing receptors PDFR-1a and b (Supplemental Fig. 1a) . Surprisingly, PDFR-1c did not react to any of the tested peptide ligands in the calcium biolumenescence assay. C-terminal fragments of the human vasoactive intestinal peptide (VIP) (YLESLMamide (PHM-27) and VSSNISEDPVPV (PHV-42)) and pituitary adenylate cyclase activating peptides (SY SRYRKQMAVKKYLAAVLamide (PACAP27) and YLAAVLGKRYKQRVKNK amide (PACAP 38)) were also tested ( Table 1) . None of these peptides, however, was able to activate the PDFR-1 receptors.
Pharmacological characterization of the C. elegans PDF receptors-To analyse the G protein signaling pathway, all three Ce_PDFs were tested for their ability to elicit a Ca 2+ response in the calcium assay, using CHO/mtAEQ cells expressing PDFR-1a or b, but lacking G α16 . The observed absence of activity suggests that these receptors do not signal through G αq . Class B GPCRs, like calcitonin, VIP and PACAP receptors and also the Drosophila PDF receptor, typically signal through adenylate cyclase (11,12), regulating intracellular concentrations of cyclic AMP (cAMP). To test the involvement of adenylate cyclase in the PDFR-1 signal transduction pathway, HEK293 cells were transfected with receptor cDNA (PDFR-1a, b or c) and a multimerized CRE-luciferase reporter gene, and subsequently assayed for luciferase activity 24 h post-transfection with the peptides Ce_PDF-1a, Ce_PDF-1b and Ce_PDF-2. This resulted in a clear and dose-dependent increase of CREluciferase activity for PDFR-1a and PDFR-1b (Fig. 2a, b) , suggesting that they signal through G αs . Interestingly, in the CRE-Luciferase reporter assay, PDFR-1c could be activated by all three PDF peptides (although not as potently as PDFR1a and b). The C. elegans PDF peptides are able to inhibit forskolin-induced cAMP formation in cells expressing PDFR-1c, resulting in a dosedependent decrease of luciferase activity (Fig. 2c) . These data suggest that PDFR-1c might signal through a G αi/o type of G protein.. These CREluciferase responses were all mediated through the PDFR-1 receptors since no response was obtained with mock cells or cells expressing the empty pcDNA3.1 plasmid.
Analysis of pdfr-1 expression pattern-To examine the spatial expression of pdfr-1 in C. elegans, GFP expression of a stable transgenic line containing an integrated promoter::gfp construct of C13B9.4 (BC11358, kindly provided by Mr. David Baillie) was visualized using an LSM510 multiphoton confocal microscope (Zeiss). Fluorescent signals from PDFR-1::GFP could be observed in hermaphrodites throughout postembryonic life. pdfr-1::gfp transgenic lines showed consistent GFP expression in all 95 body wall muscle cells and less frequently in muscle arms. Expression was also observed in the mechanosensory neuron pairs PLM, ALM, FLP, OLQD and OLQV, the chemosensory neuron pairs PHA and PHB, the ring motor neurons RMED and RMEV, and the pharyngeal interneuron pair I1 (Fig. 3a, b) . In addition, fluorescent signals were observed in 2 vulva cells and several additional head and tail neurons that could not be unequivocally identified. The expression pattern of pdfr-1 could be confirmed by immunohistochemistry using anti-PDFR-1 polyclonal antibodies (raised in rabbit against synthetic C. elegans PDFR-1 fragment 54-67 (KMLDHNNLF PERDP), Sigma; data not shown). In males, a similar expression pattern was observed in the head and body wall muscle cells. Other neuronal cells, like the sensory neuron R3, that has a possible role in male mating behavior (13), showed GFP fluorescence in the male tail (Fig. 3c,  d ) (see also Supplementary Table 2 for an overview and corresponding references). Since the pdfr-1::gfp transgenic animals expressed a transcriptional fusion construct of C13B9.4, we could not differentiate between splice isoforms. For clarity, we also created 3-D movies from confocal Z-stack projections of pdfr-1::gfp transgenic animals (see Supplementary Movies online).
Functional characterization of the C. elegans PDF signaling system-In D. melanogaster, mutations in pdf or the PDF receptor result in an aberrant locomotor behavior (4, 11). Also C. elegans PDF-1 mutants display an abnormal freerunning locomotor rhythm. 1 To study the function of the C. elegans PDF system in detail, we analyzed the locomotor behavior of a pdf-1 deletion mutant (FX1996, pdf-1(tm1996) ) and multicopy overexpression lines of pdf-1, pdf-2 and pdfr-1. Worms were recorded for two minutes and the data analyzed with the eaZYX-IMAGING software to quantify various locomotion parameters, including centroid velocity (change in centroid position (forward + backward) over time), frequency of reversals and frequency of directional changes. pdf-1 mutants displayed three distinct locomotion defects when compared to wild-type N2 worms. They display a significant decrease in centroid velocity, which is a measure for the worm's moving speed (Fig. 4a) . Their movements are almost 50% slower than that of wild-type animals (P = 2.4160E-5). A threefold increase in reversal frequency was also observed (P = 1.0909E-4) (Fig. 4b) . A reversal was scored as any shift from forward to backward movement. pdf-1 mutants display a frequent shift from forward to backward movement, in contrast to wild-type animals (in which forward movement is occasionally alternated with backward movements). In addition, these mutants change direction more often, resulting in an increase of 75% in the frequency of directional changes (P = 0.0275) (Fig. 4c) . Due to these locomotor defects, the net forward movement (radial distance from origin) is drastically reduced when compared to wild-type animals (Fig. 4d) . All pdf-1(null) locomotion defects were fully suppressed to normal locomotion (rescued) when pdf-1 genomic DNA (both 50 ng/µl and 5 ng/µl concentrations) was re-introduced into mutants by microinjection (Fig. 4a-c) , confirming that the deletion mutation in pdf-1 (the absence of PDF-1a,b peptides) specifically caused these defects. Overexpression of pdf-1 from its own control sequences did not result in any significant (P < 0,05) locomotor defects, when compared to wild-type N2 (Fig. 4a-c) .
Interestingly, high-copy expression of pdf-2 resulted in a locomotor phenotype identical to the one of the pdf-1 null mutants. Animals overexpressing pdf-2 display a threefold decrease in centroid velocity (P = 3.6100E-8), when compared to wild-type animals (Fig. 4a) . They also show a 184 % increase in reversal frequency (P = 6.9910E-5) (Fig. 4b) and a two fold increase in the frequency of directional changes (P = 2.0941E-3) (Fig. 4c) . Compared to pdf-1 null mutants, the locomotor defects in centroid velocity and frequency of directional changes are even more pronounced in animals overexpressing pdf-2. Hence, the net forward movement (radial distance from origin) of these animals is even more reduced (Fig. 4d) . pdfr-1 overexpression did not significantly alter the centroid velocity, nor the frequency of directional changes (Fig. 4a,b) . It did, however, result in a 55 % increase (P = 0.0491) in reversal frequency, when compared to wild-type animals.
DISCUSSION
G protein-coupled receptors represent the largest and most important group of therapeutic targets in medicine. Although C. elegans is an important model organism in developmental biology and neurobiology, information on the GPCR signaling systems in this nematode is scarce (14) . Only 6 FLP-activating G proteincoupled receptors have been characterized so far (7, (15) (16) (17) (18) (19) . For the remaining peptides (>230), most of which belong to the NLP class of peptides (157), the corresponding receptors are currently unknown.
By using a reverse pharmacology approach, we have identified and coupled three PDF receptor isoforms in C. elegans to their matching peptide ligands. These are the first class B receptors to be deorphanized in C. elegans and also the first receptors having NLP-type peptides (non-FLP) as cognate ligands. So far, PDF neuropeptide signaling had only been reported in arthropods. In this paper we identify C13B9.4 as the C. elegans orthologue of the recently identified D. melanogaster PDF receptor (CG13758) (5-6,11). C13B9.4 represents one of six class B (secretin) GPCR genes predicted in C. elegans and it encodes three different splice isoforms, Ce_PDFR-1a, b and c, which are closely related to insect PDF receptor-like receptors, and the vertebrate calcitonin and VIP receptors. Ca 2+ and CREluciferase reporter screening assays reveal that the Ce_PDF like neuropeptides 1 are the cognate ligands of PDFR-1a, b and c. Overall we find that both PDF and its receptor seem to be well conserved between insects and nematodes. This type of co-evolution between neuropeptide receptors and their ligands has been rarely observed in C. elegans and emphasizes the functional importance of PDF signaling in nematodes.
All three PDF peptides were able to activate each of the PDFR isoforms in the CRE-luciferase reporter assay, but with a significant difference in potency. The lack of PDFR-1c activation observed in the Ca 2+ assay might be caused by a defective membrane trafficking of PDFR-1c in the CHO cells. PDFR-1b shows the highest PDF affinity of all receptors and PDFR-1c the lowest. PDF-2 is the most potent activator of PDFR-1a and PDFR1b, whereas PDF-1b is the least potent ligand. There is, however, a serious (200 fold) difference in PDF affinity between receptor isoforms a and b which can be explained by the difference in the extracellular N-terminal domains. The calcium screening experiments indicate that PDFR-1a and b do not signal through G αq . CRE-Luciferase activity measurements, in particular, suggest that these receptors couple to a G αs type of G protein, which is in agreement with the findings for PDFR in Drosophila (11). The PDFR-1c isoform, however, seems to signal through a G αi/o type of G protein. In addition, PDF-1b is able to activate this receptor isoform more potently than PDF-1a and PDF-2. The PDF-1a and PDF-2 activity of PDFR1c seems very low when compared to PDFR-1a, although they share identical extracellular Nterminal domains. This might reflect the coupling to different G proteins as PDFR-1c differs at the carboxyterminus or it might be due to difficulties in functional expression in the heterologous assay, or the necessity of receptor activity-modifying proteins (RAMP) or oligomerization (20) .
Spatial and temporal expression patterns of the individual PDFR-1 isoforms might be different from the observed pattern because the latter reflects the expression pattern of all three isoforms together. They are expressed throughout postembryonic life in at least eleven types of neurons, five of which are involved in mechanosensation, two in chemosensation and two in locomotion. Interestingly, they also show strong expression in all body wall muscle cells. The Drosophila PDFR is expressed in several subgroups of clock neurons and some non-clock neuronal cells (5, 11) . In contrast with our findings, however, PDFR expression in muscle cells has so far not been reported in arthropods. The PDFR-1 expression in body wall muscles suggests that PDF-1 and PDF-2 may also act directly on muscle cells to modulate their activity. Only a few PDFR-1 expressing cells make direct contact with the cells expressing PDF, supporting the idea that the Ce_PDFs may act as local neuromodulators. 1 Circadian analysis already revealed that PDF-1 peptides are involved in the control of daily locomotor rhythms in C. elegans.
1 Mutants lacking PDF-1 mimic the behavioral phenotype of Drosophila PDF mutants with respect to freerunning locomotor rhythms. Our further characterization of the Ce_PDF system indicates that PDF-1 mutants display a severely altered locomotor behavior, as rendered by a decreased moving speed, an increased reversal frequency and an increased frequency of directional changes. Also overexpression of PDFR-1 resulted in an increase in reversal frequency. Simmer et al. (2003) already reported an abnormal locomotion phenotype for C13B9.4 (pdfr-1) using the RNAi hypersensitive strain rrf-3(pk1426) (WBRNAi00027171) (21) . This is consistent with the observed PDF/PDFR spatial expression patterns as almost all neurons that show PDF and/or PDFR expression in C. elegans play a role in the sensing and integration of environmental stimuli or in the control of locomotion. 1 Movement in C. elegans is directed by sensory inputs reflecting the internal state of the animal and its environment (22) . Interestingly, overexpression of pdf-2 resulted in a locomotor phenotype identical to the one of the pdf-1(null) mutants. Although we have already screened over 30 predicted neuropeptide GPCRs (out of 50-60 ones predicted (23)) with synthetic PDFs, we cannot rule out the possibility that PDF-1 and PDF-2 might also interact with other receptors in vivo. Even though there is no PDFR mutant available, our present data strongly suggest that the PDF-1 peptides act through PDFR-1 to stimulate forward movement and/or to inhibit backward movement and that the PDF-2 peptides act through PDFR-1 to inhibit forward movement and/or to stimulate backward movement. PDF-1 and PDF-2 peptides may thus elicit opposite effects in vivo, both activating PDFR-1 isoforms to modulate forward and backward locomotion. We hypothesize that modulation of circadian locomotor behavior through PDF signaling might therefore depend on a state of equilibrium between the levels of PDF-1 and PDF-2, and that these levels have to be fine-tuned. In this way, spatial and/or temporal differences in expression levels of PDF-1, PDF-2 and PDFR-1 isoforms could provide a basic mechanism in the regulation of the observed rhythmic locomotor behavior in C. elegans (24) (25) . 1 The presence of PDFR-1 in many mechanosensory neurons (ALM, FLP, OLQD, OLQV and PLM) suggests that PDF signaling might also be involved in modulating touch sensitivity. These neurons all provide input to the command (inter)neurons (PVC, AVB, AVD, AVA) which drive forward and backward locomotion. In C. elegans, touch initiates and modulates several behaviors, including locomotion (26) egg laying, feeding (27) (28) , defecation (29) , and mating (13) , which all display an ultradian or circadian rhythm (25, 30) . 1 In 2000, Hendricks et al. reported that rest in Drosophila, like sleep in mammals, features a decrease in responsiveness to mechanical stimuli (31) . Whether this is also the case in C. elegans and is modulated by the PDF system remains to be determined.
The identification and functional characterization of the PDF receptors in nematodes strengthens the hypothesis that the PDF system, that imposes the clock rhythm on behavior in Drosophila, has been conserved throughout the protostomian evolutionary lineage. Several studies have shown that parasitic nematodes display biological activity rhythms which are adjusted to the circadian rhythm of their host or carrier/vector (32) (33) . GPCRs like the PDF receptors, which are involved in the control of locomotion, make interesting targets for the development of novel, more selective and environmentally friendly antihelminthic drugs. As many species of plant and animal parasitic nematodes directly or indirectly affect billions of people worldwide (34) , it is not difficult to comprehend the importance of a better understanding of the circadian clock in nematodes. Table 1 by on April 6, 2008 www.jbc.org Supplemental Movie 2 3-D movie created from confocal Z-stack projections of transgenic N2 wild-type worms expressing GFP under the control of the promoter sequence from pdfr-1 (adult male head).
Supplemental Movie 3 3-D movie created from confocal Z-stack projections of transgenic N2 wild-type worms expressing GFP under the control of the promoter sequence from pdfr-1 (adult male tail).
